We propose Binary/Appearance Tracker which consists of background subtraction, silhouette similarity and particle filter to infer pedestrians' locations under different occlusion situations with a single camera. During the period of occlusions, binary and color silhouettes are adaptively used to effectively measure the similarity between the observation and the possible combinations of silhouettes. Thus, the occluded pedestrians' locations can be simply located by the most possible combination of silhouettes. The experimental results show that the proposed BATracker can track people successfully even though she/he is fully occluded.
INTRODUCTION
This paper presents a pedestrian tracking approach, particularly for occlusion situations. Pedestrian tracking is important for vision-based surveillance applications. For the past decade, general object tracking methods have been proposed [1] . Many methods [2] [3][4] [5] used an appearance model to track objects, but the appearance model is easily affected by illumination changes, which cause the tracker to drift. Besides appearance, shape is another popular information used for tracking [6] [7] , but it suffers from the intrinsic variance [3] caused by the pose changes of moving people.
Another difficulty in pedestrian tracking is occlusion. To handle the occlusion problem, [2] assumes a constant motion model to predict the possible locations of the occluded objects in the next frame. The constant motion model cannot describe human motions well in real environments, particular in crowded scenes. To improve pedestrian tracking under occlusions, particle filter (PF) with inertia motion model is used to predict pedestrians' trajectories [4] [5] . A recent novel pedestrian-tracker [4] relies on the confidence of the pedestrian detector, online classification and PF to infer pedestrians' locations, but it requires prior knowledge that has to be learned for a period of time before it starts detection. In [5] , the ellipse template, appearance model and PF are cooperated to deduce the occlusion relationships between multiple Fig. 1 . The columns show some examples of different occlusion situations, where t 1 is the case of non-occlusion, t 2 and t 5 show the case of slight occlusions, and t 3 and t 4 present the case of heavy occlusions, respectively. Rows (a) and (b) show the colored silhouettes and binary silhouettes, respectively. Note that, for the slight occlusion case (t 2 and t 5 ), shape information (row (b)) is sufficient enough to infer the pedestrians' locations (as shown in row (c)). However, for the heavy-occlusion case (t 3 and t 4 ), combination of both shape and appearance information (row (a)) will be necessary.
people. The ellipse shape, however, cannot model the human shape precisely due to intrinsic variances.
In this paper, we propose a silhouette-based tracking method, called Binary/Appearance Tracker (BATracker), where binary and appearance are referred to the shape and color-appearance information, respectively. We use the foreground blobs (or called silhouettes) to infer pedestrians' locations by PF under different occlusion situations, so that the multiple occluded-pedestrians tracking problem can be handled with a single camera. The silhouette-based approach is more suitable for human shapes than the ellipse-based model [5] , where the silhouettes are obtained from background subtraction [8] in our work. The used information is adaptive to the following situations:
(1) Non-occlusion: The tracking problem is reduced to a simple blob association problem.
(2) Slight occlusion: We only use the shape information (i.e. binary silhouette) for tracking, since the overlapped shapes can be informative for pedestrian location inference. This is motivated by [6] .
(3) Heavy occlusion: Using only the shape information is not sufficient. We additionally exploit the appearance information, that is, the colored silhouette, for tracking. Fig. 1 gives an illustration of the above situations. In this paper, we propose a PF-based approach that can adaptively deal with the above situations by switching the type of information used in our approach. An efficient method is thus conducted to handle pedestrians' occlusions under different situations for tracking.
OVERVIEW
As mentioned above, BATracker tracks occluded pedestrians via inference in different situations. For a coming video frame, foreground pixels obtained from background subtraction are grouped into foreground silhouettes (FS) according to the connectivity after morphological operations. As no occlusions, an FS in the current frame is simply associated to its nearest FS (in terms of the distance between their centroids) for tracking. When occlusions occur, we consider the probability distribution of hypothesized silhouettes, and try to find the maximum likelihood hypothesis by using PF. For example, as shown in Fig. 1 , the silhouettes in five consecutive frames t 1 , t 2 , t 3 , t 4 , t 5 are shown in each column. Two silhouettes exist in frame t 1 , but they are occluded in frames t 2 , t 3 , t 4 , t 5 . We name the silhouettes in frame t 1 4 , t 5 }. Note that, although the above example is illustrated for two-people occlusion case, the symbols and terms can be easily generalized for multi-people occlusion cases.
ADAPTIVE PF BASED ON LIKELIHOOD SWITCHING
In this work, we use an ordered sequence as a layered representation of the overlapped silhouettes. A silhouette sequence σ = s 1 , s 2 , ..., s M is employed to define the situation that these silhouettes are overlapping to each other and s k is above s l if k < l. Given a silhouette s k , the operation s k + v stands for shifting the silhouette by a 2D vector v = (v x , v y ). The symbol H σ defines the region covered by the overlapped silhouettes. For example, consider the initial silhouettes {Y, G} shown in Fig. 2(a H σ1 and H σ2 , respectively. 
Hypothesis Generation by PF
The state in our work is represented as an ordered sequence defined above. Given the observation at frame t, O t , we would like to infer the most likely overlapped silhouettes,
.., O t ) denotes the history of observations from the first frame to the t-th frame. PF uses a set of samples, or particles, {σ
, to approximate the posterior distribution p σ t |O t defined as follows:
where δ is a Dirac-delta function. In the bootstrap filter, the state transition probability is used as the important distribution, so that the associated un-normalized weightw 
where
and V ar is a constant variance.
Likelihood
The likelihood p O t |σ i t employed in this work is adaptive to the occlusion situations as introduced below.
Binary-Silhouette Likelihood
The binary-silhouette likelihood measures the shape similarity between the O t and σ i t based on difference and intersection sets, as shown in Fig. 3 
Color-Silhouette Likelihood
As shown in Fig. 4 , the color-silhouette likelihood is measured based on both the shape and color-appearance similarities between O t and σ i t . Let f c (R1) be the following measure that computes a normalized difference between the colors of O t and σ
where σ i t (x , y ) and O t (x , y ) are the RGB colors at the pixel (x , y ) of σ i t and O t , respectively. Then, the color-
Switched-Silhouette Likelihood
The binary-silhouette likelihood has less computation cost than that of the color-silhouette likelihood, but it cannot discriminate heavy occlusions, as shown in Fig. 1 
where d t is the occlusion threshold and d =
St1
Ot measures of occlusion situation determined by the ratio of the initial silhouettes and the O t . In our implementation, d t = 1.2. Finally, σ * t is the tracked result of pedestrians' locations and is estimated as follows:
EXPERIMENTAL RESULTS
To validate the proposed BATracker, we compare our method with Meanshift [10] , Template Matching (Template) [11] and MILTracker [2] on three indoor video sequences 1 , Seq1, Seq2 and Seq3. In our consideration, the background in all video sequences are removed in advanced. The number of particles applied to BATracker is set as N = 30 per silhouette. To evaluate the tracking performance, we use the mean position error (MPE) defined as follows:
where |.| denotes L1-norm and N S indicates the number of pedestrians in the pedestrian set S. T (s) and G(s) indicate the tracked 2D position and the ground truth position of the pedestrian s, where the ground truth is labelled manually. The MPE results for each method are shown in Table. 1, and the numbers of frames in all sequences are shown as well. Meanshift relies on matching target's color histogram and Template searches for the most similar region, to avoid to mis-update the online information, both methods do not update the target's appearance model during the period of occlusions. However, the intrinsic variances and severe occlusions cause serious miss-tracking of the target. MILTracker drifts when severe occlusions or scale variances occur due to mis-updating the online information. By cooperating the silhouette combination and PF, the proposed BATracker successfully tracks the target even under severe occlusion situations. By switching binary and color-appearance silhouettes adaptively, BATracker locates the target efficiently. The snapshots of tracking results of Seq1, Seq2 and Seq3 are shown in Fig. 5, Fig. 6 and Fig. 7 , respectively. In these figures, (a), (b), (c) and (d) are the outcomes of MILTracker, Meanshift, Template and BATracker, respectively. Because BATracker successfully locates the pedestrians' positions, the MPE performance of BATracker outperforms all of the compared tracking methods even under serious occlusions. 
CONCLUSION
In this paper, we proposed an approach to infer pedestrians' locations by considering binary-color silhouette similarity with PF. To achieve better tracking performance, the combination of silhouettes and the observation are considered to track pedestrians under different occlusion situations. For better tracking efficiency, the binary and color silhouettes are switched adaptively. The experimental results showed that BATracker outperforms the existing tracking methods we adopted for comparison. In the future, the scale and illumination variances will be considered in our approach. 
